Exposure to ionizing radiation induces dierent forms of genomic instability in cultured cells and experimental animals. A higher rate of germline mutations at human hypervariable minisatellite loci was reported in children born from parents exposed to radiation after Chernobyl, implicating genome destabilization as a possible mechanism responsible for late radiation eects in humans. To test if radiation-induced carcinogenesis in the thyroid gland may be associated with somatic minisatellite instability or microsatellite instability, we utilized a PCR-based approach to study normal and tumor DNA from 17 pediatric post-Chernobyl papillary thyroid carcinomas for mutations at three dierent minisatellite loci (D1S80, D17S30, ApoB), and 27 microsatellite loci of di-, tri-, or tetranucleotide repeats. Minisatellite instability was found in three (18%) tumors, with one of them exhibiting mutations in all three minisatellite loci, whereas two others showed mutations in one of two informative markers. By contrast, none of 20 sporadic thyroid cancers from patients with no history of radiation exposure was positive for minisatellite instability. Microsatellite analysis of post-Chernobyl tumors revealed a mutation in one (6%) tumor only at the locus of D10S1412, whereas all other 26 microsatellite markers showed identical patterns in each normal/tumor pair. Our results suggest that somatic cell microsatellite instability does not contribute to radiation-induced thyroid carcinogenesis. However, somatic minisatellite mutation events are present in a subset of radiationinduced, but not sporadic, thyroid cancers, suggesting that this type of genomic instability may play a role in radiation-induced tumorigenesis in the thyroid gland.
Introduction
Ionizing radiation exposure is one of the most wellestablished risk factors for a number of human solid neoplasms and hematologic malignancies. Despite this, the precise mechanisms of how radiation injury promotes carcinogenesis many years after exposure are still unknown.
Two hypotheses of radiation carcinogenesis were proposed (Little, 1994) . Radiation may lead directly to oncogenic mutations as a result of misrepaired DNA damage in a cell, and all progeny of this initial cell would carry the same mutation and generate the malignant clone. Alternatively, radiation might lead to genomic instability, that is transmitted through subsequent cell divisions and that increases the probability of later occurrence of transforming mutations. This latter sequence of events was named the delayed or indirect mechanism of radiation tumorigenesis.
There is experimental evidence that radiation may not result in the formation of transforming genes as a direct result of its DNA damaging properties, but rather that it predisposes to delayed genetic events through the induction of a persistent destabilization of the genome (Kronenberg, 1994; Kadhim et al., 1995) . This instability has been observed as a delayed expression of lethal mutations, as well as accumulation of non-lethal heritable alterations in the progeny of irradiated cells (Kronenberg, 1994) . DNA fingerprinting analysis of radiation-induced rat tumors revealed a high frequency of band shifts, gain or loss of ampli®ed sequences, deletions and appearance of extra bands in progressive biopsies, which was interpreted as evidence for genomic destabilization (Felber et al., 1994) . It has also been shown that mutations scored soon after irradiation dier significantly in their spectrum from late-arising mutations (Little, 1994) . In the former case, 73% of mutations were deletions and 27% point mutations, while among late-arising mutations the ratio was inverted.
One form of genomic destabilization associated with cancer is due to defects in DNA mismatch repair, as described for hereditary non-polyposis colorectal cancer cells (Karran, 1995) . This DNA mismatch repair de®cit, due to loss-of-function of one of the DNA repair genes (hMSH2, hMLH1, hPMS1, PMS2 or GTBP), manifests as alteration in the unit number of simple tandem di-, tri-and tetra-nucleotide DNA repeats. Microsatellite instability has also been observed in sporadic colorectal and endometrial carcinomas, indicating that critical elements of the DNA mismatch-repair machinery can be damaged as part of acquired, somatic events (Shibata et al., 1994) .
Minisatellite instability manifests as changes in the number of tandem repeats of DNA units in the range of 6 ± 100 bp, and has also been reported in association with radiation exposure. The precise mechanisms responsible for generation of these mutations are unknown. In mice, paternal irradiation results in a high frequency of new minisatellite repeat polymorphisms in a selected locus in the ospring (Sadamoto et al., 1994) . Minisatellite instability was also reported with high frequency in the ospring of irradiated mice (Dubrova et al., 1993) , and in xenografts of X-ray transformed mouse cells growing in vivo (Paquette and Little, 1994) . A recent report demonstrates a higher frequency of germline mutations at human minisatellite loci in children from parents living in areas contaminated after the Chernobyl accident (Dubrova et al., 1996) , suggesting that accumulation of minisatellite mutations may be a potential mechanism responsible for late radiation eects.
The most dramatic and well-documented eect of radiation contamination after the Chernobyl nuclear plant accident so far has been a sharp increase in the incidence of thyroid carcinoma in young children, particularly those exposed at an early age (Kazakov et al., 1992; Nikiforov and Gnepp, 1994; Nikiforov et al., 1996a) . The abrupt increase in the incidence of papillary thyroid carcinomas (which is an extremely rare malignancy in children) was noted in heavily exposed Belarussian children as early as 4 years after the accident and by now several hundred cases of pediatric thyroid carcinomas have been reported from the aected areas of Belarus, Ukraine and Russia (Stsjazhko et al., 1995) . Because of the extremely low incidence of sporadic thyroid carcinoma in children before the accident, as well as in those born after 1986, it can be assumed that almost all pediatric thyroid tumors from the aected areas are caused primarily by exposure to radiation. Thus, this tragic disaster created a unique model to study the molecular events involved in radiation-induced tumorigenesis in humans.
We have examined a series of radiation-induced thyroid carcinomas from children exposed to radiation after the Chernobyl nuclear accident in order to test the hypothesis that radiation-induced thyroid carcinogenesis may be associated with somatic development of minisatellite or microsatellite instability. The results of this study demonstrate a virtual absence of microsatellite mutations in these tumors, whereas somatic acquisition of minisatellite instability may be a factor in the pathogenesis of a subset of these radiationinduced cancers.
Results
All 17 post-Chernobyl thyroid tumors studied were papillary carcinomas: seven were solid variants, six follicular variants, three typical papillary, and one a mixed variant of papillary carcinoma. This is representative, as the vast majority of radiationinduced post-Chernobyl thyroid tumors are papillary carcinomas, and an unusually high proportion of these are solid and follicular variants (Nikiforov and Gnepp, 1994; Bogdanova et al., 1995) .
Minisatellite instability
This study was performed with DNA extracted from paran embedded tissues, which restricted us to a PCR-based approach. Three dierent minisatellite loci were analysed using primers bracketing the following hypervariable tandem repeats: D17S30, D1S80, and the region close to the 3' end of the apolipoprotein B gene in chromosome 2 (ApoB). Ampli®cation of the D17S30 locus revealed variation in allelic size between individuals in a range of 200 ± 600 bp, with some individuals demonstrating homozygosity, or preferential PCR ampli®cation of one band (i.e. alleles 4600 bp may be under-represented because of DNA degradation in the formalin-®xed tissue) (Figure 1 ). In 15 patients, the pattern of ampli®cation was similar in normal-tumor DNA pairs, whereas two cases showed a new allele of dierent size in the tumor sample. Blotting and hybridization with an internal oligonucleotide probe con®rmed the speci®city of ampli®cation (not shown). The experiment was reproduced twice using freshly aliquotted template and primers to exclude possible PCR artifacts. Further con®rmation of speci®city of the minisatellite mutation in C38 was obtained by excising the new allelic band as well as the normal DNA band from the agarose gel. Puri®cation of the PCR products and sequencing revealed that two entire 70 bp units were deleted in the tumor compared to the normal tissue. Tumor B1 demonstrated a band of higher size; analysis of the corresponding sequence showed three additional 70 bp units in tumor as compared to normal DNA. Ampli®cation of the D1S80 locus also showed variation in allelic size between 400 ± 700 bp, with two cases demonstrating aberrant sized alleles in tumor DNAs (Figure 2 ; C38 and C2). The third marker, ApoB, was also positive in one case (C38) (data not shown). Overall, minisatellite instability was found in three (17%) tumors, with one tumor (C38) exhibiting mutations in all three minisatellite loci, and two others displaying mutations in one of two informative markers.
We also examined 20 sporadic papillary carcinomas for minisatellite instability at D17S30, D1S80, and ApoB. None of them showed variation in band size between normal and tumor samples (Figure 3 ).
Microsatellite instability
Microsatellite instability was examined by screening the tumors at 27 loci of mono-, di-or trinucleotide repeat polymorphisms. In addition to looking for instability, we selected microsatellites adjacent to or within the loci for genes coding for mismatch DNA repair enzymes, ataxia-telangiectasia (AT), and the RET tyrosine kinase receptor gene, found to be activated by intrachromosomal rearrangement in many of these post-Chernobyl thyroid tumors (Nikiforov et al., 1997) (Table 1) . Allelic losses at the AT locus, or of mismatch repair enzymes would provide evidence for loss-of-function of the respective gene products, that may underly putative genomic instability induced by this mechanism. However, we found a single microsatellite mutation in only one tumor, that was con®ned to an anonymous locus of trinucleotide repeats ± D10S1412. All other 26 markers showed extreme variation between individuals, but exhibited identical patterns in each tumor-normal pair (Figure 4) . Furthermore, there was no LOH for any of the loci adjacent to the DNA mismatch repair genes hMSH2, DI  DI  DI  DI  DI  DI  DI  DI  DI  DI  DI  DI  DI  TRI  TRI  TRI  DI  DI  DI  DI  DI  DI  DI  DI  TETRA  DI  DI   MSH2  MSH2  PMS1  PMS1  GTBP  GTBP  GTBP  MLH1  MLH1   PMS2  PMS2  PMS2   RET  RET  AT  AT  AT  AT  AT GTBP, hMLH1, hPMS1, PMS2 or the AT gene. No loss of genetic material was found at the site of RET oncogene at 10q11.2, as tested by markers D10S141 and RET-INT5, the latter located at intron 5 of the gene (Pasini et al., 1995) . LOH was found on chromosome 10 (locus D10S1227) in one of 12 informative cases (data not shown).
Discussion
This is the ®rst demonstration of human somatic minisatellite mutations in a subset of radiationinduced, but not sporadic, thyroid cancers. Minisatellites are tandemly repeated highly variable DNA sequences found in most higher eukaryotes (Jereys, 1987) . The extreme variability of minisatellites led to their widespread use in forensic and legal medicine (Jereys et al., 1985) . However, human minisatellite loci show a degree of germline instability, with newlength alleles identi®ed by pedigree analysis (Jereys et al., 1988) . Minisatellites are also prone to somatic mutations, as new mutant alleles have been found in somatic cells of normal blood cells as determined by single-molecule PCR and small-pool PCR approaches, although the frequency of these events is low (Jereys and Neumann, 1997) . In addition, somatic minisatellite mutations in tumors were suggested based on Southern blot analysis of 50 gastrointestinal cancers with six minisatellite probes, which revealed 15 tumors with altered allelic size (Armour et al., 1989) . However, the authors did not determine the precise nucleotide structural variation of the aberrant allelic bands. Recently, Southern blot analysis of 224 colorectal carcinomas showed 37 tumors with somatic mutations at D1S7 as determined by hybridization with the minisatellite probe MS1 and 34 of these 37 tumors also demonstrated microsatellite mutations detected by a PCR approach (Ho-Olsen et al., 1995) . The present study was designed to amplify minisatellite sequences with PCR primers located immediately¯anking each tandem repeat locus. The results of ampli®cation and sequence analysis unequivocally indicate that minisatellite mutations occur as a somatic event in tumor cells. The number of minisatellite loci that could be tested was limited to those that could be analysed by PCR (tandem repeats of very large DNA units were not amenable to study with this approach). With the three markers used, 18% of radiation-induced tumors were found to have at least one aberrant allele. One tumor showed mutations in all three loci, and two others acquired a new allelic band in one of two informative loci. Sequencing analysis of D17S30 showed either gain or loss of one or more of the 70 bp units. By contrast, none of the 20 sporadically arising tumors (i.e. from patients lacking a history of radiation exposure) showed similar genetic alterations. We cannot conclude that these ®ndings are unequivocally due to radiation exposure, as the populations also diered in age, geographical source and ethnic background.
It has been suggested that minisatellite mutations in sperm cells do not occur via replication slippage or unequal exchange, but are probably the result of a complex process that is initiated by the introduction of a double-strand DNA break into the tandem array, which is later repaired using the donor allele as a template (Jereys et al., 1995) . Thus, external agents capable of inducing double-strand DNA breaks, such as ionizing radiation, may also induce minisatellite instability. Indeed, DNA ®ngerprint analysis of the ospring of 60 Co g-irradiated mice reveals minisatellite mutations in spermatogonia, with an estimated doubling dose of 0.5 Gy (Dubrova et al., 1993) . Analysis of two single mouse minisatellite loci has also shown mutation radiosensitivity particularly in spermatocytes and spermatids (Sadamoto et al., 1994) . However, the frequency of induced mutations appears to be in excess of the predicted frequency of strand breaks per locus, suggesting that minisatellite instability may not be initiated directly by radiation-induced damage, but instead be a result of some as yet unidenti®ed genomic alteration induced by ionizing radiation.
The function of minisatellites in the genome remains unclear. Recently, several minisatellite-speci®c DNAbinding proteins (Msbp) have been discovered in nuclear extracts of various mammalian tissues as well as in HeLa cells and other human cell lines (reviewed in Singh, 1995) . Some of them were found to be tissue and probe speci®c, suggesting that dierent families of minisatellites may have discrete functions. It has been also shown that the conserved minisatellite core sequence is similar to the chi-sequence in E. coli, which serves as a recombination signal and which binds recombination proteins. This led to the suggestion that minisatellites may have a similar function in eukaryotes. This is particularly interesting in light of the fact that papillary thyroid carcinomas, the dominant form of radiation-induced cancer in the Chernobyl population, are characterized by a high frequency of intrachromosomal rearrangements leading to aberrant activation of a chimeric RET tyrosine kinase receptor (Fugazzola et al., 1995; Klugbauer et al., 1995; Nikiforov et al., 1997) . However, it remains to be seen whether the RET rearrangements arise as a delayed outcome of genomic destabilization and are associated with minisatellite and/or other types of instability.
In this study, we also tested the hypothesis that one of the mechanisms responsible for delayed radiationinduced genomic instability may be a defect in mismatch DNA repair, as described for hereditary nonpolyposis colorectal cancer cells. The data reported here on pediatric thyroid cancers from the postChernobyl population, which are now widely regarded as an excellent example of radiation-induced neoplasia, argue strongly that the delayed eects of radiation in thyroid cell transformation in vivo are not likely to be due to microsatellite instability and mismatch DNA repair de®cit. Despite the limited number of tumors tested, these results appear conclusive as we found no evidence of instability at 27 loci representing various types of microsatellite repeats (di-, tri-and tetranucleotide), with dierent chromosomal locations. LOH was not found in the region of the AT gene at 11q22-23. Examination of this region was of interest based on the well-known radiosensitivity of AT patients (Murnane and Kapp, 1993) . There was no loss of genetic material identi®ed at the region 10q11.2 of RET gene. Moreover, there was no LOH at the locus RET-INT5 corresponding to intron 5 of the RET gene (Pasini et al., 1995) , con®rming the previous report that the activating rearrangement of RET is formed by intrachromosomal inversion with no loss of genetic material at the region coding for the extracellular domain of the receptor, upstream of the rearrangement (Minoletti et al., 1994) . These pediatric tumors showed a low prevalence of LOH, which was found only in one tumor at a locus on chromosome 10. We (Matsuo et al., 1991) , and others (Zedenius et al., 1995) have previously reported LOH for markers on the long arm of chromosome 10 in thyroid tumors, suggesting that a tumor suppressor gene may be present in this region.
In conclusion, our data indicate that somatic cell microsatellite instability does not contribute to radiation-induced carcinogenesis in the thyroid gland, and that there is no LOH in the regions corresponding to the DNA mismatch repair genes or the AT gene in post-Chernobyl thyroid tumors. However, the ®nding of somatic minisatellite mutations in a subset of radiation-induced, but not sporadic, thyroid cancers suggests that this type of genomic instability may play a role in radiation-induced thyroid carcinogenesis. The signi®cance of acquired minisatellite instability in cells exposed to radiation, as well as the mechanisms responsible for this genetic alteration need further investigation.
Materials and methods

Patient population
Thyroid glands selected for this study were part of a large series of thyroid carcinomas from children and adolescents 6 ± 18 years old who lived in Belarus in areas contaminated after the accident at the Chernobyl nuclear plant in 1986, and who were operated on at the Thyroid Tumor Center in Minsk in 1991 ± 1992. Detailed clinical, epidemiological and morphological characteristics of this population have been described (Nikiforov and Gnepp, 1994; Nikiforov et al., 1996a) . Seventeen of the tumor tissue blocks also contained sucient non-involved thyroid or lymph node tissue for DNA extraction, and were therefore selected for the present study. In addition, 20 papillary carcinomas from patients 16 ± 68 years old from the US with no documented history of radiation exposure were used to study minisatellite instability in sporadic thyroid tumors.
DNA extraction
DNA was obtained by phenol-chloroform extraction from paran-embedded samples of normal and tumor tissue as previously reported (Nikiforov et al., 1996b) . For each case, normal DNA was extracted from either microdissected normal thyroid or unaected lymph nodes.
Analysis of minisatellite loci
Two hundred ng of DNA was used as a template for PCR ampli®cation in a 30 mL reaction mixture with primers anking D1S80, D17S30 and ApoB minisastellite loci. The sequence of the primers was as previously reported (Boerwinkle et al., 1989; Horn et al., 1989; Sajantila et al., 1992) . Both normal and tumor DNA were subjected to 35 cycles of PCR in a Thermocycler with the following conditions: 948C for 40 s, 55 ± 658C for 1 ± 4 min, and 728C for 2 ± 4 min. In each case, PCR products were loaded onto 1% agarose gels, electrophoresed in 16TBE buer (0.089 M Tris borate pH 8.3, 2 mM EDTA), and analysed after ethidium bromide staining under UV light. In addition, in most cases the gels were transferred to a nylon membrane, and hybridized at 428C for 18 h with speci®c internal oligonucleotide probes labeled with [g 32 P]-dATP using T4 polynucleotide kinase (Promega Co., Madison, WI). Hybridization probe for ApoB was as reported (Boerwinkle et al., 1989) ; for D17S80 was designed based on the reported sequence (Wol et al., 1988) : 5'-AGTTAACTTGGGAGGCGGATGT-3'; and for D1S30 based on the sequence deposited in GenBank (Acc. # D28507): 5'-TCAGCCCAAGGAAGACAGACCA-3'. For locus D17S30, the aberrant bands in normal-tumor pairs were cut out from the gel, puri®ed with GeneCleanII (BIO 101 Inc., La Jolla, CA), and sequenced with an automated ABI model 377 sequencer using the ABI PRISM Dye Terminator Cycle Sequencing kit (PerkinElmer, Foster City, CA).
